. Several reports (7, 9) have observed that zymogen activation within the acinar cell requires an increase in cytosolic Ca 2ϩ . CCK-induced activation depends on the presence of extracellular Ca 2ϩ and an increase in cytosolic Ca 2ϩ (9) . Removal of extracellular Ca 2ϩ or chelation of intracellular Ca 2ϩ blocks caerulein (a CCK homolog)-induced trypsin activation (7, 9) . Whether an increase in intracellular Ca 2ϩ alone is sufficient to cause activation is controversial. Increasing cytosolic Ca 2ϩ by thapsigargin was found to cause zymogen activation in one study but not in another (7, 9) . Thus additional signaling pathways may act independently or with Ca 2ϩ to cause zymogen activation. The pancreatic acinar cell has receptors for pathways that are coupled to increasing both cytosolic Ca 2ϩ and cAMP. Stimulation of acinar cell CCK or muscarinic receptors is linked to increased cytosolic Ca 2ϩ . Secretin, pituitary adenylate cyclase activating peptide (PACAP), and VIP stimulate receptors that are primarily coupled to cAMP generation. However, some receptors can generate both Ca 2ϩ and cAMP signals. For example, acinar cells stimulated by high concentrations of CCK but not by muscarinic agonists cause prominent elevations in both cytosolic Ca 2ϩ and cAMP (5) . Moreover, although physiological concentrations of CCK do not cause a measurable increase in cAMP, they do activate cAMP-dependent protein kinase (5) . Similarly, secretin has been reported in some but not all studies to not only increase cellular cAMP, but to also stimulate phospholipase C activity causing an increase in cytosolic Ca 2ϩ in the acinar cell (10, 12) . Because ligands that increase both acinar cell Ca 2ϩ and cAMP are released in response to many small intestinal stimuli, including a meal, examining their interactions is physiologically relevant.
Activation of acinar cell receptors that are linked to cAMP generation has been reported to sensitize the acinar cell to CCK-induced enzyme secretion, but the effect of these stimuli on zymogen activation has not been reported. In the present study, the effects of ligands that stimulate acinar cell cAMP generation were examined alone and with caerulein. We report that agents that increase acinar cell cAMP have little effect on zymogen activation alone but sensitize the cell to caerulein-induced activation.
MATERIALS AND METHODS
Preparation of isolated pancreatic acini. Acini were isolated as described in Ref. 4 . Briefly, fasted male SpragueDawley rats, ϳ150 g (Charles River Laboratories, Wilmington, MA), were killed by CO 2 using a protocol approved by the Yale University and the Veterans Administration Animal Care and Use Committees. The pancreas was removed and placed into 6 ml acinar media [in mM: 40 Tris (pH 7.4), 95 NaCl, 4.7 KCl, 0.6 MgCl 2, 1.3 CaCl2, 1 NaH2PO4, 10 glucose, and 2 glutamine, with 0.1% BSA, and 1 ϫ MEM amino acids (GIBCO-BRL, San Jose, CA)] containing 50 U/ml collagenase Type-4 (Worthington, Freehold, NJ). The collagenase media was injected into the pancreas and after 5 min, the pancreas was minced and placed into a 50-ml flask with 12 ml of collagenase-media for 60 min at 37°C with shaking (120 rpm). The digest was filtered through a 300-400 m mesh (Sefar American, Depew, NY). Isolated acini were distributed among the 24 wells (0.5 ml suspension/well) of a 24-well Falcon tissue culture plate (Becton Dickinson, Franklin Lakes, NJ). All reagents were purchased from Sigma (St. Louis, MO) unless otherwise noted.
Acinar experimental protocol. Tissue culture plates containing acini were incubated for 60 min at 37°C under constant O 2 with shaking (80 rpm). After the media were exchanged, acini were incubated for an additional 60 min. At this time, acini were treated without changing media. Treatments included caerulein (0.1 nM, 100 nM), secretin (0.1-100 nM), VIP (1,100 nM), PACAP (1,100 nM), 8-Br-cAMP (1-1,000 M), and Rp-8-Br-cAMP (100 M; Calbiochem, La Jolla, CA). Acini were incubated for 60 min (unless otherwise noted), at which time samples (media and cells) were collected, placed in 1.5-ml microcentrifuge tubes (USA Scientific, Waltham, MA), and stored at Ϫ80°C.
Enzymatic activity assays. Samples were thawed on ice, homogenized in the 1.5-ml microcentrifuge tubes with a tight-fitting pestle, and subjected to centrifugation at 1,000 g for 1 min. From the resulting postnuclear supernatant, 100 l were added to wells of a 24-well tissue culture plate containing 350 l of trypsin assay buffer (50 mM Tris, pH 8.1, 150 mM NaCl, 1 mM CaCl 2, 0.01% BSA). Lastly, 50 l of 400 M enzyme substrate (trypsin #MQR3135-v, chymotrypsin #MAA3114-v; Peptides International, Louisville, KY) diluted in trypsin assay buffer (40 M final) were added to each well. The plate was read using a fluorometric microtiter plate reader (HTS 7000; Perkin-Elmer Analytical Instruments, Shelton, CT) using an excitation wavelength of 380 nm and an emission of 440 nm for 11 min. The slope of the line represented enzyme activity and was normalized to total amylase activity and expressed as relative fluorescence units per second per microgram total amylase.
Amylase assay. Amylase activity in acinar homogenates was determined using a commercial kit (Phaebadas kit; Pharmacia Diagnostic, Rochester, NY).
cAMP assay. cAMP content in acinar homogenates was determined using a commercial ELISA assay (Amersham Biosciences, Piscataway, NJ). Briefly, acini were preincubated with 1 mM IBMX for 15 min to inhibit endogenous cAMP-phosphodiesterase activities, and then they were treated with specified agents for 60 min. cAMP content was calculated using a standard curve and normalized to amylase content.
Statistical analysis. The data represent the means Ϯ SE of at least three individual experiments unless otherwise noted, with each experiment being performed in at least duplicate. A Student's t-test analysis was used to determine statistical significance.
RESULTS
The effects of the CCK analog caerulein on stimulation of trypsin and chymotrypsin activity in isolated pancreatic acini were examined (Fig. 1) . A supraphysiological concentration (100 nM) of caerulein caused a time-dependent increase in both trypsin and chymotrypsin activities. In vivo, supraphysiological concentrations of caerulein cause zymogen activation and acute pancreatitis. This supraphysiological concentration of caerulein is referred to as high-dose treatment. Stimulation with low-dose (0.1 nM) caerulein for 60 min generated no increase in either enzyme activity over background (not shown). The relative increase (compared with background) in chymotrypsin activity after high-dose caerulein treatment was greater than that observed for trypsin after 30 or 60 min (Fig. 1) . Although we did observe a significant increase in trypsin activities with high-dose caerulein, these values were of a smaller magnitude than reported by others. The explanation for this difference is unclear. However, we found that measurement of chymotrypsin activity was both a more reproducible and sensitive marker of zymogen activation than trypsin, particularly after 60 min of treatment. This observation may be related to the processes of trypsin inhibition and degradation that have little effect on chymotrypsin. For these reasons, the enzymatic activities generated after 60 min of treatment were used to examine zymogen activation.
The effects of secretin on zymogen activation were next examined. As shown in Fig. 2 , secretin alone had little effect on enzyme activities. However, secretin enhanced the effects of a low-dose caerulein on activation in a concentration-dependent manner. Thus secretin (10 nM) increased trypsin and chymotrypsin activ- ities by ϳ60% over caerulein alone. Secretin did not enhance the effects of high-dose caerulein on trypsin or chymotrypsin activities. Indeed, secretin significantly reduced the effects of high-dose caerulein on chymotrypsin activity. Preliminary studies from our laboratory suggest that this inhibitory effect of secretin on high-dose caerulein may be the result of interactions between these receptors. Because secretin can stimulate cAMP-dependent and independent mechanisms in the acinar cell, the effects of other agents that increase cAMP were examined.
VIP and PACAP are known to activate receptors on the acinar cell that are linked to cAMP generation. The effects of these ligands on zymogen activation were similar. Alone, the ligands had little effect on trypsin and chymotrypsin activities (Figs. 3 and 4) . However, both VIP and PACAP caused sensitization to low-dose caerulein (Figs. 3 and 4) . In contrast to secretin, these agents also sensitized the acinar cell to high-dose caerulein. Furthermore, VIP and PACAP were more potent than secretin in sensitizing the acinar cell to caerulein.
To confirm that these ligands were acting through a cAMP-dependent pathway, the effect of elevating cellular cAMP by a receptor-independent mechanism was examined. As shown in Fig. 5 , addition of the cellpermeable analog of cAMP, 8-Br-cAMP, caused a small increase in chymotrypsin activity only at the highest concentration (1,000 M). However, 8-Br-cAMP caused a concentration-dependent enhancement of zymogen activation when combined with either low-or high-dose caerulein (Fig. 5, C-F) . The maximal level of sensitization was observed with 100 M 8-Br-cAMP; higher concentrations caused less sensitization. Similarly, high concentrations of VIP also caused less sensitization than observed with lower concentrations (Fig. 3) . The mechanism of the reduced sensitization at high concentrations of VIP and 8-Br-cAMP is unclear. 8-BrcAMP (100 M) also increased both trypsin and chymotrypsin activities in response to 30 min of 100 nM caerulein (not shown). These findings suggest that elevations in cellular cAMP can enhance the effects of low-and high-dose caerulein on zymogen activation. With respect to high-dose caerulein, the effects of 8-BrcAMP were similar to the sensitizing effects of VIP and PACAP but different from those observed with secretin. Three additional studies were performed to demonstrate the link between cAMP and zymogen activation.
The intracellular cAMP response to ligands was next examined. As shown in Fig. 6 and previously reported in Ref. 5 , high-dose caerulein increased cAMP over low-dose caerulein or control values. However, the increase in cAMP levels caused by high-dose caerulein was substantially less than that generated by secretin, PACAP, or VIP. Furthermore, the combination of cAMP agonists with caerulein did not increase cAMP levels above those generated by the cAMP agonists alone.
To enhance the endogenous cAMP response to caerulein, acinar cells were pretreated with the inhibitor of cAMP-phosphodiesterase, theophylline. As shown in Fig. 7 , theophylline alone did not cause activation, but it tended to sensitize the acinar cells to low and high doses of caerulein.
To confirm the role of cAMP in activation and sensitization, acini were pretreated (60 min) with Rp-8-BrcAMP, a cell-permeable cAMP inhibitor. Such treatments reduced sensitization induced by both VIP and the 8-Br-cAMP to both low-and high-dose caerulein (Fig. 8) . Moreover, it also reduced chymotrypsin activation induced by high-dose caerulein alone. These findings demonstrate the importance of cAMP in both the sensitization to caerulein and the activation caused by high-dose caerulein.
DISCUSSION
The pathological activation of pancreatic digestive zymogens within the pancreatic acinar cell is a central feature of acute pancreatitis. Stimulation of isolated acinar cells with supraphysiological concentrations of CCK or the muscarinic agonist carbachol results in zymogen activation. Supraphysiological concentrations of CCK in vivo also cause zymogen activation within the acinar cell and pancreatitis. Sensitization of the acinar cells to the pathological effects of these ligands may be relevant to the pathogenesis of pancreatitis. The present study examined the sensitizing effect of agents that increase cAMP in the acinar cell. We find that secretin, PACAP, and VIP sensitize the acinar cell to caerulein-induced zymogen activation. PACAP and VIP caused sensitization to physiological and supra- A and B) or with lowdose (0.1 nM; C and D) and high-dose CER (100 nM; E and F) on trypsin and chymotrypsin activities. *P Ͻ 0.05 compared with no 8-Br-cAMP. Fig. 6 . Agonists increase acinar cell cAMP levels. After treatments, cAMP content was assayed in homogenates as described in MATERI-ALS AND METHODS. The cAMP content was calculated from a standard curve and normalized to amylase activity. *P Ͻ 0.05 (peptides are compared with unstimulated controls, and peptides with CER are compared with CER alone). physiological concentrations of caerulein. Secretin was less potent than PACAP and VIP in sensitizing to physiological concentrations of caerulein and did not cause activation in response to supraphysiological concentrations of caerulein. The explanation for the greater potency of PACAP and VIP compared with secretin remain unclear but did not appear to be the result of differences in the levels of cAMP generation.
To demonstrate that the sensitizing effects of these agents were linked to cAMP generation, additional studies were performed. The first demonstrated sensitization to caerulein by a cell-permeable cAMP analog (8-Br-cAMP) that bypassed the secretin, PACAP, and VIP receptors. The CCK AI1 receptor predominately acts through calcium signaling, but it is also known to increase cAMP levels, particularly at supraphysiological concentrations (5) . We confirmed that high-dose caerulein increased cellular cAMP but to much lower levels than generated by cAMP agonists alone or with caerulein. To enhance the effects of caerulein on cAMP generation, cAMP-phosphodiesterase was inhibited by theophylline. Such inhibition caused an increase in zymogen activation by caerulein. Finally, an inhibitor of cAMP binding to its receptors, Rp-8-Br-cAMP, re- duced sensitization by both VIP and 8-Br-cAMP. The cAMP inhibitor also reduced activation caused by highdose caerulein. These observations support the conclusion that sensitization by the secretin-related ligands to caerulein is related, at least in part, to cAMP generation. Furthermore, increased cellular cAMP appears to contribute to the effects of high-dose caerulein on activation.
The mechanisms of cAMP-related sensitization remain unclear. cAMP can signal through two major pathways: cAMP-dependent protein kinases (PKA) and the recently described Epac mechanism (8) . Signaling in the latter pathway is initiated by cAMP activation of the guanine nucleotide exchange factors (GEF) Epac-1 or Epac-2. These GEFs regulate the small GTPases, Rap1 and Rap2. Although the PKA and Epac pathways have a number of potential targets, they may converge on two pathways that are linked to zymogen activation: calcium and phosphatidylinositol 3 (PI3)-kinase. PKA has been found to modulate calcium-release through the inositol 1,4,5-trisphosphate (IP 3 ) receptor. However, the effects of PKA on IP 3 receptors are complex and may vary with the receptor subtype (1, 2) . Recent studies have also demonstrated that the Epac pathway may modulate levels of intracellular calcium by regulating movement through the calcium-dependent calcium-release channel (3). Studies are underway in our laboratory to determine the contribution of the PKA and Epac pathways to cAMP-dependent sensitization in acinar cells. cAMP may be causing sensitization to caerulein through a calcium-dependent or independent mechanism. The effects of cAMP agonists on peak calcium responses and other characteristics of the cytosolic calcium response to caerulein need to be examined. PKA and Epac have been found to modulate the activity of PI3-kinase in pancreatic islet cells (6) . Because PI3-kinase has been reported to regulate trypsin activation in response to caerulein in isolated pancreatic acini, it too represents a potential target of the cAMP response (11) . These observations suggest that the mechanism of cAMP sensitization to caerulein may be complex.
In summary, these studies demonstrate that increasing cAMP levels in the pancreatic acinar cell can sensitize the cell to caerulein-induced zymogen activation. Notably, this sensitization is observed with physiologically relevant concentrations of caerulein. Whether the sensitizing action of cAMP is through PKA or the newly described Epac pathway is unknown. Additionally, the effects of cAMP on calcium signaling need to be determined. In a clinical context, these studies provide an example of sensitization. Thus combinations of physiological agonists, such as CCK and secretin, with specific exogenous agents or conditions might lead to pancreatitis. The findings of this study suggest that agents that increase cAMP levels in the pancreatic acinar cell may predispose the cell to pathological zymogen activation and contribute to the development of acute pancreatitis. This hypothesis needs to be examined using in vivo models of disease.
